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1. Introduction 


A slot antenna consists of a metal surface, a flat plate with one or more holes or slots cut 
out. When the plate is driven as an antenna by an applied RF current, the slots radiate EM 
waves. Radiation pattern depends on the shape and size of the slot and the driving 
frequency. Slot antennas are usually used at UHF and Microwave frequencies at which 
wavelengths are small enough that the plate and slots are conveniently small. At these 
frequencies, the radio waves are often conducted by a waveguide, and the antenna consists 
of slots in the waveguide which is called SLOTTED WAVEGUIDE ANTENNA. 


Antennas consisting of multiple parallel slots in a waveguide are widely used Array 
Antennas, there are widely used two types: 


e Longitudinal Slotted Waveguide Antenna 


e Transverse Slotted Waveguide Antenna 


Slotted Waveguide Antennas (SWA), are popular in navigation radar and communication 
systems due to their low-profile design requirements, mechanical robustness, good 
efficiency, relative ease of realization and wide operational frequency bandwidth. They have 
low loss (High antenna efficiency) and radiate linear polarization with low cross polarization. 


Slotted Waveguide Antennas have many advantages due to; 


e Their major ability of beam pointing and High Power Microwave (HPM) handling Figure 1. 


capability. Slotted array 


UHF televisi 
e They can directly connected to Reltron HPM sources, without the need for FN 


broadcasting 


additional mode convertor. 


e They are used in wireless technologies, maritime and space applications. 


Figure 2. Left side: X-band slotted waveguide marine radar antenna on ship, 8-12 GHz. 
The antenna radiates a narrow vertical fan-shaped beam of microwaves, scanning the 
entire 360° water surface around the ship with each rotation. 

Right side: Cross section of similar marine radar antenna with part of 


plastic radome removed, showing slots in waveguide. 


2. SWA Characterization 


Figure 3. Basic geometry of a slotted Waveguide Antenna. 


There are two types of SWAs: Resonant Antennas and non-Resonant Antennas. SWAs are 
usually made of Rectangular Waveguide, having slots cuts used to radiate the energy. The 
conventional cuts have a rectangular shape. The slots can be made either on the broadwall 
or the narrow wall of the waveguide. The slots are typically thin (less than 0.1 of a 
wavelength) and 0.5 wavelength long (at the center frequency of operation). The slots on 
the waveguide will assumed to have a narrow width. Increasing the width increases the 
bandwidth; the expense of a larger width is a higher degree of cross polarization. The most 


widely used slots are: 


e The Longitudinal broadwall slots. 
e Inclined edge or sidewall slots. 


e Crossslots. 


Using Longitudinal Slots, the waveguide itself acts as a Transmission Line. To achieve higher 
efficiency. All slots must radiate in phase. For this the slots are placed in an alternating order 


on the length of the waveguide. 


Waveguide-Fed Slots are being used since late 1940's. The first works for this kind of 
antennas are made by Watson, Stevenson and Booker. Stevenson was the one who 
formulated the electric field on the slot aperture, giving theoretical means to the Watson's 
experimental work. Booker solved the integral equation using waveguide Green's functions 


and the analogy between dipoles and slots based on Babinet's principle. 
3. Slotted Waveguide Array Antennas Overview 


Slotted Waveguide Array Antennas have been widely used in applications requiring high 
power handling, planarity and low profile specifications, such as satellites, radars and 
remote sensing. Their insertion loss is very low. They offer significant advantages in terms of 


weight, volume, and radiation characteristics. These antennas are very attractive due to 


their planar, compact, and rugged construction. A metallic waveguide is a low loss structure 


and it can handle high power. 


The dimensions of the slots in the waveguide walls can be controlled to realize the desired 
pattern shape. Longitudinal Shunt Slot Arrays are also attractive due to their very low cross- 
polarization levels. The design of a resonant slotted waveguide array antenna is generally 


based on the procedure published by Elliot. 


Isolated Slot characterization is required in the design of slotted waveguide arrays. Isolated 
slot admittance can be measured experimentally or computed numerically. Care must be 
exercised in calculating the individual slot data as minor errors might severely affect the 


overall array design. 
4. Theory behind the SWA 


Bandwidth performance of SWAs mainly depends on Q factor of slots and series feeding of 
slots along the waveguide length. Therefore, increase in number of slots in waveguide array 
reduces the bandwidth of SWAs. Reducing waveguide wall thickness, reducing waveguide 
cross section, widening slot width and modifying slot shapes, e.g., dumbbell shape, elliptical 
shape and fractal shape, are some techniques to improve bandwidth performance. The 
technique of reducing waveguide wall thickness is limited by mechanical constraints of 
antenna structure for space applications. Reducing waveguide cross section reduces power 
handling capacity of antenna and increases the attenuation. Slot widening degrades the 


cross polarisation level. 


The position, shape and orientation of the slots will determine how (or if) they radiate. In 
addition, the shape of the waveguide and frequency of operation will play a major role. The 
dominant TE10 mode will be assumed to exist within the waveguide. Using the geometry of 


Figure 3, the fields that exist within the waveguide are given by: 


he 
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In the above, f is the frequency of interest, k is the wavenumber and Ej is a constant that 


specifies how much power is added to the waveguide. 


Magnetic fields tangent to a conductor produces electric currents on the surface. The 
resulting surface current density J [measured in Amps/meter] can be determined using the 


unit normal to the surface (n) as: 
J=nxH 


On the top wall of the waveguide (where the slots are), the induced currents will be: 


Radiation occurs when the currents must "go around" the slots in order to continue on their 
desired direction. As an example, figure 4. Shows a narrow slot in the center of the 


waveguide. 


Figure 4. Waveguide with a thin slot centered about its width. 


In this case, the z-component of the current will not be disturbed, because the slot is thin 
and the z-current would not need to travel around the slot. Hence, the x-component of the 
current will be responsible for the radiation. However, at this location (x = 3! the x- 


component of the current density is zero which leads to no current and therefore no 
radiation. As a result, slots can not be placed in the center of the waveguide as shown in 
Figure 4. 


If the slots are displaced from the centerline as shown in Figure 3, the x-directed current will 


not be zero and will need to travel around the slot. Hence, radiation will occur. Note that 


the distance from the edge will determine the magnitude of the current. As a result, the 
power that the slot radiates can be altered by moving the slots closer or farther from the 


edge. In this manner, a phased array can be designed with varying excitation to each 
element. 


If the slot is oriented as shown in Figure 5, the slot will disturb the z-component of the 
current density. This slot will then radiate. If this slot is displaced away from the center line, 
the amount of power that it radiates can be adjusted. 


Figure 5. Horizontal slot in a waveguide. 


If the slot is rotated at an angle about the centerline as shown in Figure 6, it will radiate. The 
power it radiates will be a function of the angle (phi) that it is rotated given by sin? $ . Note 
that the z-component of the current is still responsible for radiation in this case. The x- 
component is disturbed; however the currents will have opposite magnitudes on either side 


of the centerline and will thus tend to cancel out the radiation. 


Figure 6. Rotated slot antenna in a waveguide. 


The most common slotted waveguide resembles that was shown in Figure 3. The front end 
(the open face at the y = 0 in the x-z plane) is where the antenna is fed. The far end is 


usually shorted (enclosed in metal). The waveguide may be excited by a short dipole or by 
another waveguide. 


5. The Main Design Parameters 


The main design parameters of the simulated Slotted Waveguide Antenna are listed in 


Table 1. Among these, some critical ones can be highlighted, particularly the width and 


length of the slots, Ws19t and 1,5; , respectively, and the distance between the last slot 


center and the closing short wall or dsport . 


The number of employed slots is also a critical parameter that needs to be taken into 


account during the antenna project. In fact, the impedance bandwidth is inversely 


proportional to the slot number. On the contrary, the antenna efficiency increases with the 


slot number. In general, a trade-off for these parameters are chosen depending on the 


required performances. 


Table 1. Slotted Waveguide Antenna Main Design Parameters. 


Parameter Description 


I slot Slot Length 
W stot Slot Width 
dur Slot Centers Distances 
d siot Longitudinal Distance Between Slots 
d1.;ot Last Two Slots Distance 
Slot Transversal Distance Between Slots 
A short Last Slot Center to Short Wall Distance 


Figure 7. Slotted Waveguide Antenna model with fundamental design parameters 


highlighted. The structure consists of a steel block (grey object) fed through a waveguide port, 


highlighted in red. 


6. Simulations And Measurements 


To begin analysing the antenna of Figure 3, we should go through the circuit model. The 
waveguide itself acts as a transmission line, and the slots in the waveguide can be viewed as 
parallel (shunt) admittances. The end of the waveguide is short circuited, so a rough circuit 
model of Figure 3 is: 


L L d 
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Figure 8. Circuit model of Slotted Waveguide Antenna. 


The last slot is a distance d from the end, and the slot elements are spaced a distance L from 
each other. 


The slot sizes should be given in terms of the guide-wavelength, which is the wavelength 
within the waveguide. The guide wavelength Å, is a function of the width of the waveguide 


(a) and the free space wavelength. For the dominant TEO1 mode, the guide wavelength is 


given by: 
P Å 
9 4432-32 


The distance between the last slot and the end d is often chosen to be a quarter- 
wavelength. Transmission line theory states that the impedance of a short circuit a quarter- 


wavelength down a transmission line is an open circuit. Hence, Figure 8 reduces to: 


Figure 9. Circuit model of slotted waveguide using quarter-wavelength transformation. 


If the parameter L is chosen to be a half-wavelength, then the input impedance of Z Ohms 


viewed a half-wavelength away is Z Ohms. L is designed to be about a half-wavelength for 


this reason. If the waveguide slot antenna is designed in this manner, then all of the slots 
can be viewed as being in parallel. Hence, the input admittance and input impedance for 


an N element slotted array can be quickly calculated: 


Yi, — NY, 
ys 1 


The input impedance of the waveguide is a function of the slot impedance. 


The above design parameters are only valid at a single frequency. As the frequency departs 
from where the waveguide was designed to work, there will be degradation in the 
performance of the antenna. The waveguide is designed to operate at 10 GHz. It is fed by a 


coaxial feed at the bottom as shown in Figure 10. 


coaxial probe 
feed 


Figure 10. Slotted waveguide antenna fed by a coaxial feed. 
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Figure 11. The resulting S-parameter graph. 


Note that the antenna has a very large drop in S11 around 10 GHz. This indicates that most 
of the power is radiated away at this frequency. The bandwidth of the antenna extends 
from about 9.7 GHz to 10.5 GHz, giving a Fractional Bandwidth of 8%. Also, there is a 
resonance at about 6.7 and 9.2 GHz. Below 6.5 GHz, the waveguide is below the cut-off 
frequency and virtually no energy is radiated. The S-parameter graph shown above gives a 
good idea of what the bandwidth and frequency characteristics of a slotted waveguide will 
resemble. 

for a single waveguide strip, the radiation pattern tends to have a very wide beamwidth in 


the E-plane and a relatively small beamwidth in the H-plane. The problem arises because 
the physical dimensions along the E-plane is much shorter than that along the H-plane (the 


slotted waveguide is long but thin). In general, a longer antenna (or longer array) produces a 


narrower beam. 


This problem can be circumvented by arranging slotted waveguides in parallel, as shown in 


Figure 12. 


( Source HH 
^ agni t 


rise 


Figure 12. Array of slotted waveguides fed by a single source. 


By stacking waveguides as shown in Figure 12, the E-plane beamwidth can be greatly 


reduced. In addition, by adding a phase delay to each waveguide, the array of waveguides 


can be steered in the E-plane. The phase delay can be added by varying line lengths in which 


distinct frequencies will produce distinct phase delays, allowing scanning simply by changing 


the frequency. 


Antenna arrays made up of hundreds or even thousand elements are often slotted 
waveguides. These are typically narrowband (a small deviation away from the design 


frequency often change the impedance of the individual slots, and the many slots add up 
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producing a highly reactive impedance associated with the waveguide away from 


the resonant frequency). 


As an example, we can consider Boeing's wedgetail: 


Figure 13. The walls of the odd structure on top of the above airplane contain a large slotted 
waveguide array, for scanning in the horizontal (azimuth) plane around the airplane. 


waveguideSlotted antenna element 


z imm 


a 
dBi 


Figure 14. Left side: Slotted Waveguide Antenna was created by MATLAB using this script: 


ant = waveguideSlotted('Length' ,8@6e-3, 'Width',94e-3, 'NumSlots',8,... 
'Height',44e-3,'Slot',antenna.Rectangle( 'Length',53e-3, 'Width',6.5e-3), 'SlotToTop',4@.3e-3,... 
'SlotSpacing',80.6e-3,'SlotOffset',10e-3, 'FeedHeight',31e-3, ... 
'FeedOffset',[-362.7e-3 0], 'FeedWidth',2e-3); 

show (ant) 

pattern(ant, 2.45e9) 


Right side: The plot of the antenna radiation pattern at 2.45 GHz. 
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7. Conclusion and Comments 


In chapter (1) a summarized review of the Slot Antenna is presented. The concept of a Slot 
Antenna and the factors that affect the radiation pattern is discussed in this article. The 
widely uses of the Slotted Waveguide Antenna are mentioned, declaring their features in 
low-profile design requirements, mechanical robustness, good efficiency, relative ease of 
realization and wide operational frequency bandwidth. They have low loss (High antenna 


efficiency) and radiate linear polarization with low cross polarization. 


Chapter (2) and (3) deal with the SWA characterizations. A basic geometry of a slotted 
waveguide antenna is reviewed and the required conditions of the slot dimensions are 


mentioned. 


For chapter (4), which the theory behind the SWA is explained physically using equations. 
Also, it has showed that the bandwidth performance of SWAs mainly depends on Q factor of 
slots and series feeding of slots along the waveguide length. Therefore, increase in number 
of slots in waveguide array reduces the bandwidth of SWAs. Reducing waveguide wall 
thickness, reducing waveguide cross section, widening slot width and modifying slot shapes, 
e.g., dumbbell shape, elliptical shape and fractal shape, are some techniques to improve 
bandwidth performance. The technique of reducing waveguide wall thickness is limited by 
mechanical constraints of antenna structure for space applications. Reducing waveguide 
cross section reduces power handling capacity of antenna and increases the attenuation. 
Slot widening degrades the cross polarisation level. It is easy to notice the different 
positions of the thin slot in the waveguide and each figure is explaining whether the 


radiation is occurred or not. 


Chapter (5) classifies the main design parameters of the simulated slotted waveguide 
antenna which are Slot Length, Slot Width, Slot Centers Distances, Longitudinal Distance 
Between Slots, Last Two Slots Distance, Transversal Distance Between Slots and Last Slot 
Center to Short Wall Distance. 


Beside the guide wavelength which is mentioned in chapter (6) under the simulations and 
measurements. A circuit model of slotted waveguide antenna is simulated for the dominant 
TEO1 mode. At the end, an array of slotted waveguides is the solution for a single waveguide 
strip problem since the slotted waveguide is long but thin which causes the physical 


dimensions along the E-plane is much shorter than that along the H-plane. 


Finally for designing a successful model for the slotted waveguide antenna, you should 
specify the design parameters and the frequency band according to your desired 
application. CST, HESS and MATLAB are useful programs for creating your design and 


checking up the simulations. 
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